A B S T R A C T In the erythrocytes of a patient with hereditary nonspherocytic hemolytic anemia, a homozygous expression of hexokinase deficiency was detected. The mutant enzyme was characterized by normal kinetic parameters with respect to its substrates, glucose and MgATP2-, normal pH optimum, normal heat stability at 40°C, but abnormal behavior with respect to its regulation by glucose-1,6-diphosphate and inorganic phosphate, and an altered electrophoretic pattern. Interpretation of the results revealed the presence of two different hexokinases type I in normal human erythrocytes: one enzyme with a high affinity for glucose-1,6-diphosphate, the inhibition of which is regulated by inorganic phosphate; and another enzyme with a lower affinity for the inhibitor, not regulated by inorganic phosphate. The former enzyme was not detectable in the erythrocytes of the patient, whereas the presence of the latter enzyme could be demonstrated.
INTRODUCTION
Hexokinase deficiency was first described in 1965 by L6hr et al. (1) in the blood cells of three patients with a panmyelopathy (type Fanconi) with multiple malformations. The residual hexokinase activity in the erythrocyte was 25-60% of normal and the enzyme showed decreased affinities for its substrates glucose and MgATP2-.
However, the metabolic defects in these patients are acquired rather than truly genetic. Hexokinase deficiency of human erythrocytes was first related to hereditary nonspherocytic hemolytic anemia in 1967 by Valentine et al. (2) . The hexokinase activity of the patienit's erythrocytes was only slightly decreased, but was markedly lowered when the degree of reticulocytosis was taken into account. The kinetic (2) and Received for publication 9 September 1977 and in revised formn 3 April 1978. electrophoretic (3) behavior of the enzyme showed no abnormalities. Since the report of Valentine et al. (2) , some other variants of hexokinase deficiency related to hereditary nonspherocytic hemolytic anemia have been reported (4) (5) (6) (7) . Most variants showed increased Michaelis-Menten constants for the substrates glucose and MgATP2-(5-7), and in one case a decreased heat stability was found (5). The hexokinase deficiency described by Necheles et al. (4) was kinetically and electrophoretically characterized by the absence of the "low-Kmn" hexokinase type III, which is normally present in low concentrations, whereas hexokinase type I, which is the predominant form of hexokinase in human erythrocytes (8) , was present in a normal amount. Hexokinase deficiency appears to be inherited as an autosomal recessive disorder (1, 2) .
Recently (9, 10) , we described the regulation of purified erythrocyte hexokinase type I by hexosephosphate and diphosphate and inorganic phosphate (Pi) .' Hexokinase is strongly inhibited by glucose- 6- phosphate (glc-6-P) and glucose-1,6-diphosphate (glc-1,6-P2), whereas Pi is able at least partly to overcome this inhibition.
To explain the results, two alternative models were suggested: (a) Hexokinase exists in equilibrium between a free and a phosphate-associated form, the latter having a reduced affinity for glc-1,6-P2 with respect to the first. (b) There are two different hexokinases: one enzyme with a high affinity for glc-1,6-P2, the inhibition of which is competitively influenced by Pi; the other enzyme with a lower affinity for the inhibitor and insensitive to regulation by Pi.
In this paper we present a patient with nonspherocytic hemolytic anemia associated with a homozygous hexokinase deficiency. The defective enzyme could be characterized by a different electrophoretic pattern ' Abbreviations used in this paper: glc-1,6-P2, glucose-1,6-diphosphate; glc-6-P, glucose-6-phosphate; Pi, inorganic phosphate.
and altered regulatory properties. The results are used to discriminate between the models proposed for the regulation of the normal erythrocyte enzyme.
Case Report
The patient is a 30-yr-old woman suffering from chronic hemolysis since birth. During the first years of life many blood transfusions were necessary. At the age of 2 yr, splenectomy was performed, after which the need for blood transfusions decreased.
The parents of the patient are second cousins. They both had a normal blood picture except for a slightly increased packed cell volume and hemoglobin content in the mother's blood. These increases were consistent on two different occasions; the cause of these deviations remains unclear. The patient is their only child.
In 1967 a hexokinase deficiency of the erythrocytes was found as the possible cause ofthe hemolytic anemia (11) . The hexokinase activity of the erythrocytes was only slightly lowered with respect to normal, but was markedly decreased when the degree of reticulocytosis was taken into account. The most recent hematological data, obtained at the time of the present extensive enzyme studies in the patient, are shown in Table  I . There was a slight anemia and pronounced reticulocytosis, the latter accounting for the markedly increased mean corpuscular volume and mean corpuscular hemoglobin. The blood smear showed 60 ). All other chemicals were of analytical grade purity. Venous blood was collected with heparin (30 U/ml) from the patient and her parents, from a normal healthy donor, and from two control patients with reticulocytosis. The first control (reticulocytosis control I) had a glucosephosphate isomerase deficiency of the erythrocytes with a very high reticulocyte count (72%) and was splenectomized (12) . The second control (reticulocytosis control II) was suffering from a hemolytic anemia probably of viral origin. No metabolic abnormalities were found. This patient was not splenectomized and had a reticulocyte count of 20%.
Immediately after collection of the blood, a part of it was deproteinized for the determination of glycolytic intermediates. Deproteinization and determination of all glycolytic intermediates except 2,3-diphosphoglycerate were performed according to the methods of Minakami et al. (13) . The 2,3-diphosphoglycerate content of the acid extract was determined with a Sigma-testkit (Sigma Technical Bulletin 35-UV, December 1974). All determinations were performed within 5 h after extract preparation.
The leucocytes and platelets of the remaining blood cells were removed according to the method of Nakao et al. (14) by filtrating through a mixture of sulfoethyl-cellulose and Sephadex G-25. However, instead of phosphate buffer we used 0.154 M NaCl which does not affect the results of the separation (15) .
The erythrocyte glycolytic enzymes were determined by the methods of Beutler (16) . Erythrocyte hexokinase was partly purified by batchwise treatment with DEAE-Sephadex A-50 and by ammonium sulfate precipitation as previously described (17) . The ammonium sulfate precipitate was dissolved in 0.2 M Tris-HCl (pH 8.0) and 3 mM ,B-mercaptoethanol. Before enzyme characterization the sample was desalted by gel filtration on Sephadex G-25 equilibrated with the same buffer. The procedure resulted in a 30-to 50-fold purification with an overall yield of approximately 50%. Hexokinase activity of the partially purified preparations was determined at 37°C in a glc-6-P dehydrogenase-coupled assay as previously described (17) .
MgCl2 was added in concentrations necessary to maintain an excess of 5 mM Mg2+ over ATP. Routinely, the concentration of glucose was 10 mM. The pH of the assay buffer was 7.15 at 37°C. The reaction was started by adding 0.03 U hexokinase. 1 U of enzyme activity is defined as the amount of enzyme that catalyzes the formation of 1 ,umol glc-6-P per min at 37°C. The heat stability of the partly purified enzyme preparations was determined by measuring the decrease of activity vs. the time of incubation at 40°C.
Disk-electrophoresis on poly-acrylamide gels was performed by method II of Davis (18) at pH 8.8. No sample gel was used and some modifications were made. The buffer contained 3 mM 13-mercaptoethanol to protect the enzyme from oxidation. Glucose was incorporated in the gels at the same concentration as that used in the staining mixture to stabilize the enzyme. The staining mixture contained in a final volume of 80 ml: 0.1 M Tris/HCl (pH 7.2), 7.5 mM MgCl2, 0.2 mM NADP+, 35 IU glc-6-P dehydrogenase, 12 IU phosphogluconate dehydrogenase, 2 mM ATP, 1.25 mM EDTA, 2 mM KCN, 6 mg phenazine methosulfate, 16 mg MTT, and glucose at the concentrations as indicated in the results.
The staining was stopped with 2.5% acetic acid and the gels were scanned at 625 nm on a Zeiss spectrophotometer model PMQ 3 provided with a ZK 5 Disc Attachment (Carl Zeiss, Inc., New York).
RESULTS
Erythrocyte metabolism. Hexokinase activity of the erythrocytes of the patient was only slightly decreased (Table II) . The enzyme activity was lowered to about 15-20% of normal, however, when the degree of reticulocytosis was taken into account. Due to the very high percentage of reticulocytes, the enzymes pyruvate kinase, 6-phosphofructokinase, glc-6-P dehydrogenase and aldolase showed a high activity and were comparable to the values found for the "reticulocytosis controls." The activities of the other enzymes were in the normal range.
Hexokinase activity in the erythrocytes of both parents was decreased to 50-80% of normal, indicating that both parents are heterozygous for the defect. Enzyme characterization. At two opportunities erythrocyte hexokinase was purified from the erythrocytes of the patient and the reticulocytosis controls. The results of the enzyme characterization on both occasions were comparable. The parents' erythrocyte hexokinase was investigated only once.
Kinetics. The partially purified hexokinase preparation of the patient's erythrocytes showed normal Michaelis-Menten kinetics. In agreement with other reports on human erythrocyte hexokinase (17, 19) , the results were consistent with a rapid equilibrium random reaction mechanism. Km for the substrate glucose was 0.050 mM, SD = 0.027, n = 3 (normal: 0.064 mM, SD = 0.016, n = 30), and for the other substrate, MgATP2-, 1.19 mM, SD = 0.20, n = 5. The latter value was slightly increased with respect to normal (0.72 mM, SD = 0.19, n = 30); however, the significance of this increase is doubtful.
The kinetic parameters obtained for the enzymes from the parents and the reticulocytosis controls fell in the normal range (Table IV) . Influence of glc-1,6-P, and inorganic phosphate.
Human erythrocyte hexokinase activity is strongly regulated by glc-6-P (9, 19-21) and glc-1,6-P2 (10, 19, 21) . The inhibition by both ligands is regulated by inorganic phosphate in the same manner (9, 10). Hexokinase activity in the presence of glc-6-P cannot be measured in the glc-6-P dehydrogenase-coupled assay, but is determined in the pyruvate kinase-lactate dehydrogenase-coupled assay (9 About the same results were obtained for the partially purified enzymes from the parents and normal controls. The values obtained (Table IV) are the same as for the pure erythrocyte enzyme at pH = 7.15 (10) . The inhibition of pure human erythrocyte hexokinase by glc-1,6-P2 was partly counteracted by Pi (10) . This influence of Pi was found to be competitive with respect to glc-1,6-P2. To evaluate the influence of inorganic phosphate, a function, f (Pi), was derived describing the influence of Pi on the inhibition constant of the enzyme for any inhibitor as a function of phosphate concentration (9) .
The influence of Pi on the inhibition by glc-1,6-P2 of partially purified hexokinase from patient, parents, and controls was evaluated by calculating f (Pi) (Fig. 2) . For the parents and controls f(Pi) was linear up to concentrations of about 2 mM Pi, at higher concentrations of Pi a maximum was reached. This behavior reflects the inability of Pi to overcome completely the inhibition by glc-1,6-P2.
These results were comparable to those obtained for the pure enzyme (10) and remained 1, indicating that Pi has no influence at all on the inhibition by glc-1,6-P2. pH-Optimum. The partially purified enzyme preparations from patient, parents, and controls all had the same broad pH optimum ranging from pH 6.9 to 8.2 (results not shown), which is supposed to be normal (17) .
Heat stability. The heat stability of the partially purified hexokinase preparations from patient, parents, and controls was not significantly different. 50% of total activity was lost after an incubation period of 4.5-5 min at 40°C.
Electrophoresis. The electrophoretic pattern of semipurified human erythrocyte hexokinase normally shows a predominant triple hexokinase type I band (8) and a more anodal faint hexokinase type III band (8, 22, 23) . The ratio of hexokinase activity in the second (band Ib) and third band (band IC) from the cathode in the type I region is dependent on the cell age. Band lb is predominant in reticulocytes and its activity is shifted to band IC with increasing cell age (8) . The electrophoretic pattern of the mutant enzyme showed a relatively increased hexokinase activity in the type III band (Fig. 3) , indicating that the hexokinase deficiency was located in the type I region. In Fig. 4 the electrophoretic patterns of semipurified hexokinase from the patient, parents, and controls are shown. The relative intensity of the bands was evaluated by scanning the gels at 625 nm.
The samples used in these experiments had been kept frozen at -70°C, resulting in a loss of activity in the hexokinase type III band. No alterations in the type I region were found after storage. It appeared that in the type I region of the patient's electrophoretic pattern only two bands were present. The second band (band Ib) from the cathode was absent, although this band normally is predominant in reticulocytes (Fig. 4) . Band IC seemed to be more pronounced than usual in reticulocytes. Hexokinase preparations from the parents' erythrocytes showed essentially normal electrophoretic patterns.
DISCUSSION
The nonspherocytic hemolytic anemia in our patient was found to be associated with a markedly decreased hexokinase activity in the erythrocyte. G. Rijksen Polyacrylamide-gel electrophoresis of partially purified hexokinase from patient and from a normal control (Contr). The gels are stained at a concentration of 10 mM glucose. Interpretation ofthe data on the contents ofglycolytic intermediates is rather complicated because of the high reticulocytosis. In normal reticulocytes and young erythrocytes, the contents of glc-6-P, fructose-6-phosphate, and fructose-1,6-diphosphate are increased because of the high activity of hexokinase (24, 25) . Furthermore, the levels of ATP and 2,3-diphosphoglycerate are elevated in reticulocytes (24, 25) . With this in mind we conclude that with respect to the reticulocytosis, the levels of glc-6-P, fructose-6-phosphate, ATP, and 2,3-diphosphoglycerate are decreased in our patient, reflecting a block at the hexokinase level with consequent impairment of glycolysis. The results of the enzyme characterization are summarized in Table IV (8) , is absent, whereas the third band (I,) is increased. From these observations we conclude that band Ib is the phosphate-regulated form of the enzyme, whereas band IC represents the phosphate-insensitive form. In agreement with this hypothesis is the observation that the maximum in the f(Pi) plot (Fig. 2) of the reticulocytosis control is increased with respect to normal, indicating that there is an increased quantity of phosphate-regulated hexokinase present in reticulocytes. The possibility that the phosphate-insensitive form of hexokinase could be identical with hexokinase type III was considered and, as this form is relatively increased in the patient's erythrocytes, the results of the inhibition experiments might have been masked. However, there are some arguments against this explanation: (a) The inhibition experiments are performed at a concentration of 10 mM glucose, which is strongly inhibitory for type III hexokinase (26) . (b) The presence of two differently regulated hexokinases is suggested from experiments with pure erythrocyte hexokinase (9, 10) . This preparation contained only type I hexokinase (17) . During the purification procedure, type III is lost, probably as a result of its greater instability.
Therefore, we conclude that the phosphate-insensitive form of hexokinase is not identical with type III hexokinase, but is located in the hexokinase type I region. The proportion of hexokinase activity in bands Ib and Ic is shifted in favor of band Ic during cell senescence accompanied by a loss of overall activity (20) .
Therefore, we now postulate that the phosphateregulated form ofthe enzyme is modified during senescence to the phosphate-insensitive form. In this light we can regard the patient's erythrocyte hexokinase as being "old before its time."
As hexokinase is considered to be an important factor in erythrocyte senescence, it means that the patient's erythrocytes have to be considered as old cells with consequently increased destruction.
